Previous papers in this series have presented methods for mutagenesis of mammalian cells and selection of auxotrophic mutants from mutagen-treated cultures (1, 2). Isolation of mutants possessing absolute requirements for proline, glycine, adenine, serine, inositol, adenine + thymidine, and glycine + adenine + thymidine has been described (3-6). Mutants requiring glycine alone (gly-) have been demonstrated to comprise four separate complementation groups A, B, C, D, and some adenine-requiring mutants (ade-, previously designated hyp-) were shown to belong to two complementation groups, A and B (5, 7). The mutants of the gly A complementation group have been shown to be deficient in the enzyme serine hydroxymethylase (7), while the proline-requiring mutant lacks the enzyme converting glutamic acid to the 'y-semialdehyde (3). Several of these mutants have been useful in the chromosomal localization of specific genes in man and other species (8, 9) and in the study of gene regulation (10). Purinerequiring mutants in Chinese hamster cells have also been described by Taylor et al. (11) and by Chu et al. (12). This paper describes the isolation and characterization of a family of ade-mutants of mammalian cells and illustrates the range of genetic-biochemical studies now possible with such mutants.
Previous papers in this series have presented methods for mutagenesis of mammalian cells and selection of auxotrophic mutants from mutagen-treated cultures (1, 2) . Isolation of mutants possessing absolute requirements for proline, glycine, adenine, serine, inositol, adenine + thymidine, and glycine + adenine + thymidine has been described (3) (4) (5) (6) . Mutants requiring glycine alone (gly-) have been demonstrated to comprise four separate complementation groups A, B, C, D, and some adenine-requiring mutants (ade-, previously designated hyp-) were shown to belong to two complementation groups, A and B (5, 7) . The mutants of the gly A complementation group have been shown to be deficient in the enzyme serine hydroxymethylase (7) , while the proline-requiring mutant lacks the enzyme converting glutamic acid to the 'y-semialdehyde (3) . Several of these mutants have been useful in the chromosomal localization of specific genes in man and other species (8, 9) and in the study of gene regulation (10) . Purinerequiring mutants in Chinese hamster cells have also been described by Taylor et al. (11) and by Chu et al. (12) . This paper describes the isolation and characterization of a family of ade-mutants of mammalian cells and illustrates the range of genetic-biochemical studies now possible with such mutants.
METHODS AND MATERIALS
The cultivation and single-cell plating of the Chinese hamster ovary cell, CHO-Ki, and its auxotrophic forms, in complete (F12) and in minimal or deficient medium (F12D) supplemented with 10% of the macromolecular component of fetalcalf serum (FCM) has been previously described (13, 14, 2) , as have the procedures used for mutagenesis, and the BrdUvisible light technique (1, 2) for isolating the auxotrophic mutants which have been produced by mutagenesis. Misconceptions which have appeared in the literature about the nature of the BrdU-visible light technique and its applications have been discussed elsewhere (27) .
Our previously isolated ade-mutants consist of ade A, ade B, and two additional classes which exhibit nutritional requirements for glycine + adenine + thymidine (GAT), and adenine + thymidine (AT), respectively. The AT-mutant was derived from the Chinese hamster lung cell (5) . New ademutants obtained after exposure of CHO-K1 cells to mutagens are indicated in Table 1 *. Hybridization with selected homologous or heterologous cells was carried out as previously described (17, 18) . Pairwise complementation analysis was carried out on all ade-mutants isolated. Compounds tested for their ability to restore growth of mutants were added to the minimal medium at a concentration 10-fold lower than the minimum concentration toxic for CHO-K1 cell growth. No toxicity was ever observed at these concentrations. Tests for accumulation of intermediates in the pathway of purine biosynthesis were carried out by a modification of the radioisotopic tracing method of Boyle et al. (19) . Chromatograms were placed on sheets of Dupont CRONEX 2 DC x-ray film and radioautographic spots were obtained after a standard exposure, development, and fixation. Spot identification was carried out in standard fashion. For quantitative measurement the relevant areas of the chromatograms were cut out and counted in scintillation fluid (Triton X-100-toluene base) under conditions yielding a counting efficiency of approximately 50%.
EXPERIMENTAL RESULTS
A. Production and Isolation of Mutants. The direct purine biosynthetic pathway has been shown to consist of 13 steps as shown in Fig. 1 (20) (21) (22) . In a new set of experiments a total of 402 clones were tested after treatment with a mutagen followed by the BrdU-visible light isolation procedure (Table 1) . Fifty-three of these (13%) were auxotrophic mutants. Of these, 18 (4.5%) were ade-mutants. These were combined for study with the 12 ade-mutants previously isolated (5 group. All yield colonies with plating efficiencies between 0.3 and 0.9% when fused with members of different complementation groups. All classes of ade-mutants were found to be capable of complementing the AT and GAT mutant classes, and so contain different mutagenized loci from these. The fact that each mutant fails to form colonies when hybridized with itself is a necessary feature of well-behaved genetic markers. The data of Table 3 also indicate that each of the different mutational classes considered represents a recessive form, since a domin-ant defect would have prevented growth on hybridization with other auxotrophs. C. Heterologous Cell Hybridization. Hybridization of auxotrophic CHO-K1 mutants with human cells also relieves the auxotrophic nutritional requirement, but when such heterologous hybrids are grown in deficient medium, rapid loss of unnecessary human chromosomes occurs, leaving a stable hybrid culture containing one or a few human chromosomes (18) . These can be identified cytologically and by isozyme or other protein polymorphism analysis so that data bearing on the chromosomal location of human gene(s) causing relief of the auxotrophy is obtained (10) .
Six of the eight mutant classes of Table 3 have been successfully hybridized with human fibroblastic or lymphoblastic cells and stable prototrophic hybrids have been obtained which contain approximately one to three human chromosomes as determined cytologically and by isozymic analysis. The human ade B hybrid possesses only one human chromosome, whose number is four or five (10 Table 4 . These experimental results support the following conclusions, which are provisional since it is assumed that each of the added nutrilites is stable and penetrates into the cell, and that only the pathways listed in Fig. 1 (1) Since the purine requirements of the AT and the GAT mutants can also be satisfied by folate or folinate, these mutants appear to be deficient in the folate rather than in the main purine pathway. This hypothesis is consistent with the multiple auxotrophy of these mutants, since folate derivatives are required in the synthesis of pyrimidines and glycine as well as purines. (2) Since mutants ade-A, B, C, and D exhibit normal growth in the presence of 100 iuM aminoimidazole carboxamide, the conversion of the carboxamide to its ribonucleotide by the enzyme adenine phosphoribosyl transferase (APRT) appears to be active in these mutants. Thus, the block in these mutants must be prior to the appearance of aminoimidazole carboxamide ribonucleotide in the pathway. (6) Since all the mutants grow when supplied with. hypoxanthine, the activity of the enzyme hypoxanthine-guanine phosphoribosyl transferase (HGPRT), which converts hypoxanthine to IMP and guanine to OMP, appears to be active in all the mutants. Thus, the block in all the mutants must be prior to the ap- All the mutants described in this communication obey at least six of the criteria listed above, and none has shown any behavior inconsistent with that of a point mutation. One mutant, gly-A, previously isolated in this laboratory, has has been shown to obey all of these criteria. This paper illustrates the preparation and utilization of a family of auxotrophs for a variety of different kinds of studies of somatic mammalian cells: complementation analysis to determine dominance or recessiveness of the mutant genes, and to identify the different complementation groups; gene localization on chromosomes; preparation of a series of interspecies hybrids whose genomes can contain a constant part (all or most of the Chinese hamster ovary cell genome) and a variable part (one or a few human chromosomes) and which can be useful in a variety of studies of chromosomal action and interaction, such as in studies of human antigens (26) ; nutritional studies and biochemical tracing to establish the site of biochemical block in each mutant; study of control genes, for example those involved in activation of specific Chinese hamster genes in human-hamster hybrids (10); and reversion analysis which aids in the specific characterization of each mutant and yields information about the molecular mode of action of specific mutagens. These methodologies lend themselves to the study of control genes, as has been described earlier in the action of a human-CHO ade B mutant in activating esterase genes (10) , and since mutation in control genes may often be expected to produce dominant rather than recessive behavior. Such mutants may aid in establishing the nature of the biochemical defect in human genetic diseases by successive hybridization of selected human cells with an appropriate series of known mutants. Chinese hamster cell mutants are particularly useful in these studies because of their low chromosome number, rapid growth rate, and tendency to exclude rapidly unnecessary chromosomes of other species, like man, after hybridization.
